Abstract. The dynamics of a small Prandtl number binary mixture in a laterally heated cavity is studied numerically. By combining temporal integration, steady state solving and linear stability analysis of the full PDE equations, we have been able to locate and characterize a codimension-three degenerate Takens-Bogdanov point whose unfolding describes the dynamics of the system for a certain range of Rayleigh numbers and separation ratios near S = −1.
Introduction
Double-diffusive fluxes occur when convection is driven by thermal and concentration gradients, and the temperature and concentration diffusivities take different values. This phenomenon has relevance for numerous applications (Turner [24] ), and from a theoretical point of view presents very interesting dynamics, including chaos (Cross and Hohenberg [6] , Knobloch et al. [15] ). We are interested here in the case of horizontal gradients (Turner [23] , Jiang et al. [13] ). In this configuration, quiescent (conductive) solutions can exist when thermal and solutal buoyancy forces exactly compensate each other. This occurs only for a very particular value of the separation ratio (S = −1, see below), but has allowed for theoretical analysis by studying the stability of the conductive solution (Ghorayeb and Mojtabi [10] , Xin et al. [26] , Bardan et al. [1], Bergeon and Knobloch [4] ). In recent work, we addressed this case for a small Prandtl number binary mixture, including only the Soret effect (Meca et al. [19] ). Results showed a quite interesting bifurcation scenario by varying the Rayleigh number. In particular, we found an orbit that is born in a global saddleloop bifurcation, becomes chaotic in a period doubling cascade, and disappears in a blue sky catastrophe (Shilnikov [21] ). This orbit is the only stable solution in a large interval of Rayleigh numbers. In this paper we analyze this system in greater depth to determine how the scenario associated to the origin of this orbit is modified when the value of S is changed to larger (i.e. less negative) values. It is relevant to assess to what extent the dynamics depends on tuned values of the parameters, or whether it is fairly robust to these changes. Moreover, by varying a second parameter we gain access to a richer portrait of the system, obtaining bifurcation lines and points of codimension two.
We have numerically integrated the full PDE equations in a region near S = −1, combining steady state solving, numerical continuation, linear stability analysis, and temporal integration. The results show that distinct bifurcations of the S = −1 case (namely two saddle nodes and a global saddle loop) approach each other in the region near S = −0.9 until only a Hopf bifurcation remains, in a scenario consistent with the unfolding of a codimension-three degenerate Takens-Bogdanov point.
The outline of this paper is as follows. In Sect. 2 we detail the model and the numerical procedure. In Sect. 3 the behavior of the system for S = −1 is reviewed. In Sect. 4 we extend these results by letting both Ra and S vary. Finally, the discussion of the results and some concluding remarks are presented in Sect. 5.
Basic equations and numerical methods
We consider the 2-D flux of a binary mixture in a rectangular cavity Ω of length d and height h. The aspect ratio Γ = d/h has been chosen to be 2. The cavity is laterally heated, maintaining different constant temperatures at the opposed vertical boundaries. ∆T is the difference between both temperatures. On the horizontal boundaries, a linear temperature profile is imposed. All the boundaries are taken to be no-slip and with no mass flux. In these conditions the dimensionless equations in Boussinesq approximation explicitly read
In these equations lengths, times and temperatures are scaled with h, t κ = h 2 /κ and ∆T , respectively, κ being the thermal diffusivity. u ≡ (v x , v z ) is the (dimensionless) velocity field in (x, z) coordinates, P is the pressure over the density, θ and C are deviations from a linear horizontal profile of the temperature and of the rescaled concentration of the heavier component, respectively. The dimensionless parameters are the Prandtl number σ = ν/κ, the Rayleigh number Ra = αgh 3 ∆T/νκ and the Lewis number τ = D/κ, where ν denotes the kinematic viscosity, g the gravity level, α the thermal expansion coefficient, and D is the mass diffusivity. The separation ratio is defined by S = C 0 (1 − C 0 ) β α S T , where S T is the Soret coefficient, C 0 is the actual value of the concentration of the heavier component in the homogeneous mixture, and β is the mass expansion coefficient (positive for the heavier component). Finally, boundary conditions are written as 
. Therefore the system is Z 2 -equivariant (Kuznetsov [16] ). From now on solutions invariant (non-invariant) under π will be called symmetric (nonsymmetric). Equations (1) and boundary conditions (2) have been solved by a second order time-splitting algorithm, proposed by Hugues and Randriamampianina [12] , applied to a pseudo-spectral Chebyshev method. To calculate steady solutions, we have adapted a pseudoespectral first-order time-stepping formulation to carry out Newton's method, as described by Mamun and Tuckerman [17] , Bergeon et al. [3] , Xin and Le Quéré [25] . In the preconditioned version of Newton's iteration, the corresponding linear system is solved by an iterative technique using a GMRES package (Frayssé et al. [9] ). The linear stability analysis of the steady states is conducted by computing the leading eigenvalues of the Jacobian by means of Arnoldi's method, using routines from the ARPACK package. For numerical calculations the chosen parameters have been Prandtl number σ = 0.00715 and Lewis number τ = 0.03. The system has been discretized in space by using 72 × 48 and 90 × 60 mesh points in steady calculations, giving both resolutions equivalent results. For example, increasing the resolution, the Rayleigh number of the turning points varies less than a 0.1%. Temporal integration was used basically to follow orbits with very long periods, and in particular in regimes with divergent
